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Abstract The spatial distributions of shallow slow earthquakes are related to stress accumulation and
structural characteristics of the shallow plate boundary, which are important for understanding
megathrust earthquakes. To investigate spatiotemporal variation of shallow very low frequency earthquake
(SVLFE) activity along the Nankai Trough, we conducted centroid moment tensor inversion method
incorporating effects of offshore heterogeneous structures. By applying centroid moment tensor method into
long‐term onshore seismograms, we obtained spatiotemporal variation of SVLFE activity occurred from
June 2003 to May 2018. We ﬁnd that SVLFE activities are related to the spatial variations of the slip‐deﬁcit
rate and pore ﬂuid around the Philippine Sea plate boundary. SVLFEs are effectively activated by
mechanical weakening due to rich pore ﬂuid in areas surrounding strongly locked zones. Our results imply
that spatial variations of long‐term SVLFE activity provide information on tectonic environments, which
could constrain the rupture behavior of shallow plate boundaries during future megathrust earthquakes.
Plain Language Summary The spatial distributions of shallow slow earthquakes are related to
stress accumulation and structural characteristics of the shallow plate boundary, which are important for
understanding megathrust earthquakes. Despite this importance, conventional methods using onshore
seismograms and one‐dimensional Earth models cannot well constrain the location and magnitude of
shallow slow earthquakes due to the effects of three‐dimensional (3‐D) offshore subsurface structures.
Moreover, offshore observations near hypocenters are still limited. By applying a method incorporating the
effects of 3‐D subsurface structures into long‐term onshore seismograms, we show the spatial variations of
well‐constrained shallow very low frequency earthquakes (SVLFEs) along the Nankai Trough, including
events that occurred prior to offshore observations. We ﬁnd that SVLFE activities are related to the spatial
variations of the slip‐deﬁcit rate and pore ﬂuid around the Philippine Sea plate boundary. SVLFEs are
effectively activated by mechanical weakening due to rich pore ﬂuid in areas surrounding strongly locked
zones. Our results imply that spatial variations of long‐term SVLFE activity provide information on tectonic
environments, which could constrain the rupture behavior of shallow plate boundaries during future
megathrust earthquakes.
1. Introduction
Slow earthquakes, which show intermediate faulting behavior between regular earthquake and stable
sliding, occur along plate boundaries at both shallower and deeper extensions of seismogenic megathrust
zones in various subduction zones around the world (summarized in Schwartz & Rokosky, 2007, and
Obara & Kato, 2016). Slow earthquake activity is linked to the stress accumulation, frictional properties,
and pore‐ﬂuid pressure of the plate boundary (e.g., Audet & Kim, 2016; Saffer & Wallace, 2015). Deep slow
earthquakes, which occur at deeper extensions of megathrust zones, have been extensively studied and their
features are well constrained (e.g., Ide et al., 2007; Ito et al., 2007; Obara, 2002; Rogers & Dragert, 2003;
Shelly et al., 2007) by dense onshore observation networks. Various phenomena of deep slow earthquakes,
such as slow slip events (SSEs), low‐frequency tremors (LFTs), very low frequency earthquakes (VLFEs), and
coupled phenomena of ETS (episodic tremor and slip), have been widely detected (summarized in Figure 3
of Obara & Kato, 2016). In the Nankai subduction zone, where megathrust earthquakes repeatedly occur at
intervals of approximately 100–150 years (Ando, 1975), all types of deep slow earthquakes have been
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observed. Their sources are distributed as a narrow continuous belt (gray dots and rectangles in Figure 1;
Maeda & Obara, 2009; Nishimura et al., 2013; Obara et al., 2010), which approximately corresponds to the
30‐km depth contour of the upper surface of the Philippine Sea plate. Comparisons between deep slow
earthquakes and tectonic environments in various subduction zones have revealed that drainage from the
subducting oceanic plates controls this seismic activity (e.g., Chuang et al., 2017; Daiku et al., 2018; Delph
et al., 2018; Ghosh et al., 2012; Nakajima & Hasegawa, 2016).
Conversely, our knowledge of shallow slow earthquakes, which occur at shallower extensions of megathrust
zones, remains limited. The epicenters of shallow very low frequency earthquakes (SVLFEs) along the
Nankai Trough (blue circles in Figure 1) are concentrated around the Cape Muroto, the Kii Channel, and
the southeast Kii Peninsula, and do not exhibit the continuous belt‐like distribution of deep slow earth-
quakes. This clustered distribution may reﬂect the structural characteristics of the shallow plate boundary
along the Nankai Trough, which inﬂuence megathrust coseismic rupture and earthquake cycles (e.g., Hok
et al., 2011; Hori et al., 2004; Kaneko et al., 2010). However, because the hypocenters of SVLFEs are located
offshore, far from onshore seismic networks, conventional methods using onshore seismograms and one‐
dimensional Earth models cannot well constrain their location (blue open circles in Figure 1; Asano et al.,
2008) and source parameters (e.g., Ito & Obara, 2006a, 2006b). Furthermore, weak signals of shallow LFTs
and SSEs are difﬁcult to detect using onshore networks alone.
Recent advances in ocean bottom and borehole instruments, especially permanent ocean bottom network
DONET (Dense Oceanﬂoor Network System for Earthquakes and Tsunamis; gray diamonds in Figure 1;
Kaneda et al., 2015; Kawaguchi et al., 2015), have precisely constrained not only SVLFEs (e.g., Nakano
et al., 2018; Sugioka et al., 2012; Toh et al., 2018) but also shallow LFTs (Annoura et al., 2017; Yabe et al.,
2019) and SSEs (purple dashed line in Figure 1; Araki et al., 2017). Epicenters of SVLFEs using DONET
(Nakano et al., 2018) are concentrated beneath the accretionary prism toe (blue ﬁlled circles in Figure 1).
Figure 1. Map of the study area. Black ﬁlled triangles and gray diamonds are F‐net and DONET stations, respectively.
Light blue open and blue ﬁlled circles are epicentral locations of SVLFEs determined by permanent onshore (Asano
et al., 2008) and offshore (Nakano et al., 2018) records, respectively. Locations of deep LFTs (Maeda & Obara, 2009;
Obara et al., 2010) and SSEs (Nishimura et al., 2013) are represented by gray dots and rectangles, respectively. Note that
SVLFEs, LFTs, and SSEs determined by onshore records include those since 2003, but SVLFEs determined by offshore
records are only since 2015. Fault areas of reported shallow SSEs from 2011–2016 (Araki et al., 2017) are enclosed by
the purple dashed line. Focal spheres ofMw 7.5 andMw 5.6 earthquakes on 5 September 2004 and 1 April 2016 are derived
from MT solutions of F‐net (Fukuyama et al., 1998; Kubo et al., 2002) and Takemura, Kimura, et al. (2018), respectively.
LFT = low‐frequency tremor; SSE = slow slip event; SVLFE = shallow very low frequency earthquake; MT = moment
tensor.
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Shallow and deep slow earthquakes have similar characteristics, despite their different spatial distributions.
During some shallow SSEs, SVLFEs and shallow LFTs also occurred within the fault areas of SSEs
(i.e., ETS‐type shallow slow earthquakes; Araki et al., 2017; Nakano et al., 2018). Monitoring shallow slow
earthquakes is useful for understanding the structural properties and slip behavior of shallow plate bound-
aries. However, because the installation of all DONET stations was completed in 2015, offshore observations
are still limited. Thus, to obtain long‐term (decade‐scale) shallow slow earthquake data and related struc-
tural properties around the Philippine Sea plate boundary, we revisit previous seismograms of SVLFEs,
including those obtained prior to offshore observations.
Using onshore broadband F‐net records (Okada et al., 2004) from June 2003 to May 2018, we reanalyzed
SVLFEs listed in the catalog based on onshore array analysis (light blue open circles in Figure 1; Asano et al.,
2008). To estimate location and magnitude of SVLFEs precisely, we applied centroid moment tensor (CMT)
inversion method incorporating effects of 3‐D offshore subsurface structures (Takemura et al., 2018).
Combination of our CMTmethod and 15‐year onshore F‐net broadband records enables us to conduct quan-
titative analysis of spatiotemporal variation of SVLFE activity along the Nankai Trough. Spatial distributions
of SVLFE activity relate to distributions of slip‐deﬁcit rate (Noda et al., 2018) and anomalies of S wave velo-
city (Tonegawa et al., 2017) around the Philippine Sea plate boundary.
2. Data and Methods
We evaluated Green's functions for CMT inversion via numerical simulations of seismic wave propagation
based on the parallel staggered‐grid ﬁnite‐difference method (FDM; Furumura & Chen, 2004; Takemura
et al., 2015). The accretionary prism model is important for modeling surface wave propagation in subduc-
tion zones (e.g., Furumura et al., 2008; Nakamura et al., 2015; Shapiro et al., 1998; Takemura et al., 2019;
Volk et al., 2017). We employed the reliable 3‐D velocity structure model including a realistic accretionary
prism structure (Takemura et al., 2019). This model also includes structure models of the Philippine Sea
plate and crust from Koketsu et al. (2012). Because our 3‐Dmodel of the accretionary prism was constructed
by a simple interpolation/extrapolation technique for local S‐wave velocity structures of DONET stations
(Tonegawa et al., 2017), the model was well‐performed around DONET stations (see Takemura et al.,
2019). To evaluate the source parameters of interplate seismic slip due to SVLFEs, 180 source grids were
assumed on the Philippine Sea plate boundary (blue open circles in Figure S1 in the supporting informa-
tion). The centroid depth was ﬁxed on the Philippine Sea plate boundary. After FDM simulations, to obtain
Green's functions with various source durations, cosine‐shape source time functions (see Figure 4 of Maeda
et al., 2017) with durations of 10–50 s were convolved. A similar approach was also conducted for deep
VLFEs (Ide & Yabe, 2014). Hereafter, we referred to calculated Green's function catalog as “3‐D
Green's functions.”
First, we extracted F‐net velocity seismograms for times around the SVLFE detection time from the catalog
based on the onshore array analysis (Asano et al., 2008). We selected SVLFEs located near our source grids
from the catalog of Asano et al. (2008; gray dots in Figure S1). They detected and counted surface wave pack-
ets related with SVLFEs at 15‐s interval from continuous onshore seismograms. The number of detection
times for coherent surface wave packets in our target region is 4,159, which is not the number of events.
We conducted CMT inversions using F‐net seismograms for times around these detection times. We also rea-
nalyzed SVLFEs listed in our previous study (Takemura, Matsuzawa, et al., 2018) because the source grids
were distributed in wider area compared to previous ones. A band‐pass ﬁlter with passed periods of 20–
50 s was applied to the observed F‐net velocity seismograms in order to enhance the signals of SVLFEs
(e.g., Asano et al., 2008, 2015; Matsuzawa et al., 2015; Obara & Ito, 2005; Walter et al., 2013). Using ﬁltered
F‐net seismograms and 3‐D Green's functions, we conducted CMT inversion for each source grid and dura-
tion. After CMT inversions, we evaluated the variance reduction (VR) between synthetic and observed
seismograms:
VR ¼ 1−
∑i∫ vObs:i tð Þ−vSyn:i tð Þ
n o2
dt
∑i∫ vObs:i tð Þ
 2
dt
2
64
3
75×100 %½ :
where vi
Obs. (t) and vi
Syn. (t) are the observed and synthetic velocity seismograms at the ith station, respec-
tively. The solution with the maximum VR is the optimal solution. Other technical details for the CMT
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method and FDM simulations are same as in our previous study (Takemura, Matsuzawa, et al., 2018). After
our CMT inversions, centroid locations, origin times, focal mechanisms, moment magnitudes (Mw), and
source durations of each SVLFE were obtained.
Figures S2 and S3 show examples of CMT results and waveform ﬁttings of SVLFEs. We obtained good
solutions not only off the southeast Kii Peninsula but also in other regions. For seismograms with a low
signal‐to‐noise ratio or multiple SVLFEs, the maximum VR for such events was not high (Figure S3).
Spatial resolution of our CMT method is illustrated in Figure 2b of Takemura, Matsuzawa, et al. (2018).
Some events were located at edges of assumed source grids. Location resolutions of such events were tested
in Figures S4 and S5. We obtained a total of 943 CMT solutions of SVLFEs from June 2003 to May 2018
(Data Set S1). Comparison of catalogs by our CMT method and Nakano et al. (2018) is shown in
Figures 2 and S6. Relationships between the seismic moments and other parameters are shown in
Figure S7. To evaluate the spatiotemporal variation of SVLFE activity along the Nankai Trough, we
selected events with a maximum VR equal to or greater than 20% (901 SVLFEs). This threshold of VR
was determined by trial and error.
Figure 2. Spatial distributions of estimated CMT solutions for each period. Time period and number of CMT solutions are shown in the upper left and lower
right corners of each panel, respectively. Plotted focal mechanisms are the solutions of the largest magnitude SVLFE at each source grid during each period.
Black circles in 2015–2016 period are epicentral locations of SVLFEs estimated by DONET data (Nakano et al., 2018). Enlarged ﬁgure of comparison of epi-
centers between our CMT solutions and Nakano et al. (2018) is illustrated in Figure S6. Gray dots in bottom center panel were original epicenters from the
catalog of Asano et al. (2008). Focal spheres of SVLFEs in regions A, B, and C are colored light green, pink, and blue, respectively. CMT = centroid moment
tensor; SVLFE = shallow very low frequency earthquake.
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3. Spatiotemporal Variation of SVLFE Activity Along the Nankai Trough
Figure 2 shows the spatial distributions of the obtained SVLFE focal mechanisms during each time period.
Almost all estimated focal mechanisms are characterized by low‐angle thrust faulting with strike angles par-
allel to the trench axis, suggesting slip along the plate boundary. Such low‐angle thrust faulting mechanism
was also estimated by using ocean bottom seismic records (Nakano et al., 2018; Sugioka et al., 2012).
Although original epicenters by Asano et al. (2008) were scattered especially along dip direction (gray dots in
Figure 2), centroid locations are concentrated around the accretionary prism toe, near the trough axis. In
Figure 3a of Takemura, Matsuzawa, et al. (2018), similar tendencies were also illustrated in the comparison
with CMT solutions based on 1‐D model in Ito and Obara (2006a). Spatial variations of epicenter locations
from 2015–2016 are well correlated with those from DONET records (open circles in Figures 2 and S6;
Nakano et al., 2018), indicating that our CMT method performed well along the Nankai Trough. Because
Nakano et al. (2018) used observed DONET seismograms, their catalog contains SVLFEs with smaller
moment magnitude. According to Figure 2, we divided SVLFE activity into three segments: (A) off the
Cape Muroto and the Kii Channel, (B) off the southern Kii Peninsula, and (C) off the southeast
Kii Peninsula.
We evaluated the cumulative moment of SVLFEs at each segment or source grid. The cumulative moment
(CM) is evaluated using the sum of seismic moments of each SVLFE occurred in a certain segment or
source grid:
CMj ¼ ∑
N
k¼1
Moð Þjk
where (Mo)jk is the estimated seismic moment of the kth SVLFE occurred in the jth segment or source grid.
To validate our estimate of CM, we evaluated the CM of SVLFEs at a segment of off the southeast Kii
Peninsula from 3 to 11 April 2016. Our estimate correspond well to that from offshore observations
(Nakano et al., 2018), which contains smaller SVLFEs than our CMT catalog.
Figure 3 shows temporal changes of SVLFE activity in each segment. Remarkable SVLFE activities are
observed in 2003, 2004, 2009, 2015, and 2018 off Cape Muroto and the Kii Channel (light green dashed
lines and diamonds) and in 2004, 2005, 2009, and 2016 off the southeast Kii Peninsula (blue lines and
circles). The episodes in 2004 and 2016 southeast off the Kii Peninsula were activated after Mw 7.5 and
5.6 earthquakes, respectively. Thus, these episodes were considered as triggered phenomena activated by
earthquakes, their afterslips, or migration of ﬂuid (e.g., Nakano et al., 2018; Obara & Ito, 2005). Other epi-
sodes along the Nankai Trough might be not triggered phenomena. During these activities, the cumulative
moment of SVLFEs gradually increases (Figure 3c). The total moments released by 15‐year SVLFEs in
regions A, B, and C are 1.5 × 1017, 3.7 × 1015, and 6.8 × 1017 Nm, respectively. The cumulative moment
of SVLFEs off the southeast Kii Peninsula is approximately four times larger than that off the Cape
Muroto and the Kii Channel. Conversely, off the southern Kii Peninsula (pink lines and stars), SVLFE
activity is very low.
During some shallow SSEs off the southeast Kii Peninsula, particularly those events near the trench axis,
SVLFEs and shallow LFTs are also observed (Annoura et al., 2017; Araki et al., 2017; Nakano et al., 2018).
The cumulative moment of SVLFEs shows similar temporal patterns of pore‐ﬂuid pressure changes due to
shallow SSEs (Nakano et al., 2018). Considering these observations and the similarity to deep slow earth-
quakes, temporal changes in the cumulative moment (Figure 3c) suggest that shallow SSEs occurred in
2003, 2004, 2009, 2015, and 2018 off the Cape Muroto and the Kii Channel and in 2004, 2005, and 2009
off the southeast Kii Peninsula (horizontal bars in Figure 3a).
To capture the characteristics of SVLFE active regions, we also calculated the cumulative moment of 15‐year
SVLFEs at each source grid. Figure 4 shows the spatial variations of moment release rate due to SVLFEs
along the Nankai Trough. The moment release rates of SVLFEs were evaluated by dividing the cumulative
moment at each source grid by the analysis period length (15 years). Areas with a large SVLFE moment
release rate are observed off the Cape Muroto, the Kii Channel, and the southeast Kii Peninsula (blue
enclosed areas in Figure 4a). These trends do not change if we discard SVLFEs with a moment magnitude
of less than 3.6 (Figure S8).
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We compared the regions characterized by a large moment release rate (blue enclosed areas in
Figures 4a–4c) with the tectonic environments along the Nankai Trough. Figure 4b shows a comparison
of the spatial distributions between SVLFE moment release rate and slip‐deﬁcit rate (Noda et al., 2018)
along the Nankai Trough. Areas with a large SVLFE moment release rate are located at the edge or out-
side of the high slip‐deﬁcit rate area. In the high and low slip‐deﬁcit area off the southern Kii Peninsula,
SVLFE activity is low.
We also compared SVLFE activity with S wave velocity structures just above the Philippine Sea plate
boundary (Figure 4c). S wave perturbations were evaluated from one‐dimensional S wave structure models
beneath the DONET stations (Tonegawa et al., 2017). The areas with a large SVLFE moment release rate
appear at trenchward areas of DONET stations with strong low‐velocity anomalies (>20%; blue ﬁlled dia-
monds in Figure 4c). Although the detailed structure near the trench cannot be resolved by the method
used in Tonegawa et al. (2017) due to thin sediment, low‐velocity layer within the accretionary prism could
also be imaged beneath trenchward areas by seismic exploration surveys (e.g., Park et al., 2010). Recently, a
mechanically weak zone just above the Philippine Sea plate boundary was also observed near the trench
axis off the Cape Muroto (Hamada et al., 2018). According to these observations of low‐velocity anomaly
and mechanically weak zone beneath accretionary prism toe, rich ﬂuid environments are expected within
the areas with large SVLFE moment release rate. The relationship between slow earthquakes and pore
ﬂuid around the plate boundary has been documented in previous studies (e.g., Kitajima & Saffer, 2012;
Saffer & Wallace, 2015; Tonegawa et al., 2017; Tsuji et al., 2014). Thus, we consider that SVLFE activity
is effectively activated in zones with rich pore ﬂuid, which reduces the shear strength around the
plate boundary.
Figure 3. Temporal variations of SVLFE activity. Seismic moment of each SVLFE (a), cumulative number (b),
and cumulative moment (c) of SVLFEs within each segment. SVLFE activity is divided into three segments: (A)
off the Cape Muroto and the Kii Channel, (B) off the southern Kii Peninsula, and (C) off the southeast Kii Peninsula
(see last panel in Figure 2). Cumulative moments and numbers in regions A–C are illustrated by b light green,
pink, and blue lines, respectively. In (a), seismic moments of SVLFEs in regions A–C are represented by light green
diamonds, pink stars, and blue circles, respectively. Possible SSEs in regions (A) and (C) from SVLFE activity are
represented by light green and blue horizontal bars in (a). SVLFE = shallow very low frequency earthquake;
SSE = slow slip event.
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4. Discussion and Conclusions
By comparing the spatial distributions of SVLFE activity with the tectonic environments (Figures 4a–4c), we
ﬁnd that SVLFEs tend to be effectively activated by mechanical weakening due to pore ﬂuid in areas sur-
rounding strongly locked zones. Figure 4d provides additional information of the relationship between
slip‐deﬁcit rate and SVLFE moment release rate. SVLFEs inactively occur within strongly locked zones of
the Philippine Sea plate boundary, which have the potential for large coseismic slip during future mega-
thrust earthquakes (e.g., Kaneko et al., 2010; Moreno et al., 2010). Our results suggest that spatial variations
in long‐term SVLFE activity provide information on the slip deﬁcit and pore ﬂuid, which constrain rupture
behavior on shallow plate boundaries during megathrust earthquakes.
Observations and model simulations have revealed that shallow SSEs are crucial for constraining the coseis-
mic rupture area of megathrust earthquakes, as well as interactions between the two (e.g., Kato et al., 2012;
Luo & Liu, 2019; Vaca et al., 2018; Voss et al., 2018). Because evaluating shallow SSEs is difﬁcult due to the
lack of seaﬂoor deformation observations, quantitative analyses of long‐term SVLFEs are important for
monitoring slip on the plate boundary. Although more quantitative comparisons of each SVLFE and
Figure 4. Spatial variations of SVLFE activity and tectonic environment. (a) Spatial distribution of SVLFE moment
release rate. Blue enclosed areas indicate relatively large moment release rates. Focal sphere is the MT solution of a
Mw 5.6 earthquake on 1 April 2016 (Takemura, Kimura, et al., 2018). Fault areas of reported shallow SSEs from 2011 to
2016 (Araki et al., 2017) are enclosed by purple dashed line. (b) Comparison of spatial distributions between area with
large moment release rate and slip‐deﬁcit rate on the Philippine Sea plate boundary (Noda et al., 2018). (c) Comparison of
spatial distributions between area with large moment release rate and S wave velocity perturbations just above the
Philippine Sea plate (Tonegawa et al., 2017). (d) Relationship between slip‐deﬁcit rate andmoment release rate of SVLFEs.
Symbols in (d) are similar to those in Figure 3. SVLFE = shallow very low frequency earthquake; SSE = slow slip event;
MT = moment tensor.
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shallow SSE episode should be conducted in future research, SVLFE activity provides the characteristics of
SSEs, such as seismic moment, rupture area, and slip. The characteristics of SSEs may be key factors for eval-
uating stress accumulation and megathrust rupture area on the plate boundary.
We investigated spatiotemporal variations of SVLFE activity along the Nankai Trough using onshore long‐
term records and 3‐D Green's functions. Although the computational cost of numerical simulations in 3‐D
space is relatively expensive, recent studies have demonstrated the importance of incorporating 3‐D hetero-
geneous structural models (e.g., Hejrani et al., 2017; Lee, 2017; Okamoto et al., 2018; Williams & Wallace,
2018). Ourmethod, using a well‐constrained 3‐Dmodel and onshore seismic networks, successfully revealed
the characteristics of long‐term (~15 years) SVLFE activity and tectonic environments around the plate
boundary. As offshore permanent seismic networks are rare in other subduction zones, methods using reli-
able 3‐D models would be very useful as they can provide detailed characteristics of seismicity and tectonic
environments in subduction zones.
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